The ability to dissipate large fractions of their absorbed light energy as heat is a vital photoprotective function of the peripheral light-harvesting pigment-protein complexes in photosystem II of plants. The major component of this process, known as qE, is characterised by the appearance of low-energy (red-shifted) absorption and fluorescence bands. Although the appearance of these red states has been established, the molecular mechanism, their site and particularly their involvement in qE are strongly debated. Here, room-temperature single-molecule fluorescence spectroscopy was used to study the red emission states of the major plant light-harvesting complex (LHCII) in different environments, in particular conditions mimicking qE. It was found that most states correspond to peak emission at around 700 nm and are unrelated to energy dissipative states, though their frequency of occurrence increased under conditions that mimicked qE. Longer-wavelength emission appeared to be directly related to energy dissipative states, in particular emission beyond 770 nm. The ensemble average of the red emission bands shares many properties with those obtained from previous bulk in vitro and in vivo studies. We propose the existence of at least three excitation energy dissipating mechanisms in LHCII, each of which is associated with a different spectral signature and whose contribution to qE is determined by environmental control of protein conformational disorder. Emission at 700 nm is attributed to a conformational change in the Lut 2 domain, which is facilitated by the conformational change associated with the primary quenching mechanism involving Lut 1.
Introduction
The main function of the extended network of membrane-bound light-harvesting antennae in plants is to efficiently capture photons and rapidly transfer the excitation energy to the reaction centre, where the initial energy stabilisation takes place [1] [2] [3] . The efficiency of excitation energy transfer is strongly influenced by the presence of energy traps. The plant photosystem (PS) II has the intriguing ability to tune the amount of trapping according to the external environment.
In particular, when exposed to a demanding environment, such as high levels of irradiation, a large fraction of excitation energy is nonphotochemically dissipated as heat in PS II to protect the reaction centre from photoinhibition. Because the chlorophyll (Chl) a pigments are the main contributors to the lowest exciton states of these antenna complexes, the extent of thermal energy dissipation can be monitored by a reduction in the Chl a fluorescence quantum yield and, for isolated antennae, the fluorescence intensity. This negative feedback regulatory function is hence generally referred to as non-photochemical quenching (NPQ) of Chl a fluorescence.
The major component of NPQ, known as qE, is energy dependent and reversible and is activated by the transmembrane electrochemical gradient caused by an accumulation of protons on the luminal side. The low luminal pH induces the xanthophyll cycle, during which violaxanthin (Vio) in the PS II antennae is enzymatically converted into zeaxanthin (Zea) [4] , protonates the Lhcb and PsbS proteins [5, 6] , and causes the antenna complexes to rearrange and aggregate within the membrane [7] .
There is considerable evidence that qE occurs in the PS II peripheral antenna complexes [8] [9] [10] . The genes coding for these proteins (Lhcb1-6) belong to the light-harvesting complex (Lhc) multigene family, which also contains the antenna complexes of PS I, often labelled by Lhca. The most frequent assembly of Lhcb proteins consists of heterotrimers of Lhcb1-3 and is commonly known as the major, LHCII complexes. The minor antennae, Lhcb4-6, exist naturally as monomers and in smaller numbers. The proteins Lhcb1-6 all coordinate Chl a, Chl b, and a few xanthophyll pigments in different amounts but at similar sites. Without the protein scaffold, the high Chl concentration of~0.3 M [11] would give rise to an almost complete fluorescence quenching [12] . It is therefore not surprising that slight perturbations of these complexes may open up various dissipation pathways, a property which significantly complicates the study of qE and which may explain why several possible molecular mechanisms for qE have been put forward.
Formation of qE is accompanied by various spectroscopic changes. One characteristic marker is the appearance of low-energy (red) components in the absorption and fluorescence spectra of the PS II peripheral antennae [13] [14] [15] [16] . The red emission and the degree of qE are considerably enhanced when protein aggregates are formed [17] . For the aggregates the yield of red emission is very low at room temperature, but increases dramatically at cryogenic temperatures [15, 17] , forming a prominent band near 700 nm (often labelled by F700) in addition to the characteristic room-temperature emission band near 680 nm (F680). The F700 emission at 77 K is often used as a signature for aggregation of light-harvesting proteins [18] . These observations have frequently been a basis for considering the F700 states to be directly involved with the major molecular mechanism of qE and to originate from inter-trimer interactions [14, 16, [19] [20] [21] [22] . However, F700 emission was also observed at 77 K from quenched LHCII trimers in arrangements where protein aggregation was prevented [23, 24] , indicating that the associated states are intrinsic to an LHCII trimer. Furthermore, early transient absorption studies have indicated that the long-wavelength pigment pools of LHCII aggregates are not quenched and have long lifetimes at low temperatures [25, 26] .
The most plausible explanation for the large energy shifts related to the F700 state involves the formation of a charge-transfer (CT) state that mixes with one or more exciton states, i.e., a CT state with a pronounced excited-state character. Several observations support the involvement of a CT state: (i) the broad spectral shapes cannot be explained by pure exciton states; (ii) fluorescence Stark measurements on LHCII aggregates indicated a strong response of different low-energy states to an externally applied electrical field [27] ; (iii) the very low holeburning efficiency of LHCII aggregates beyond 683 nm was related to strong electron-phonon coupling due to a CT-state character [28] ; and (iv) modelling of single-molecule (SM) spectra of LHCII trimers indicated that only relatively small spectral variations (i.e., within~10 nm of F680) can be explained by pigment site-energy disorder, while larger red shifts demand the presence of special states [29] . A CT state alone is non-radiative, but its mixing with an exciton state results in fluorescence emission that corresponds to a large reorganisation shift and involves a large contribution of higher vibronic substates [30] . Indeed, SM studies have indicated that Lhcb complexes can behave spectroscopically like Lhca complexes [31] , the latter of which are characterised by low-energy emission with many properties related to the F700 state and which was shown to originate from a mixed exciton-CT state [30, 32, 33] .
The location and molecular mechanism of qE are still under debate. Various studies have suggested that LHCII trimers are a key player [20, 24, [34] [35] [36] . Each monomeric subunit of these complexes contains eight Chl a's, six Chl b's, two luteins (Lut), one neoxanthin (Neo) and either Zea or Vio at a peripheral site. One molecular mechanism of qE was proposed based on femtosecond transient absorption spectroscopy of solubilised aggregates of LHCII trimers [36] . Although the transient absorption study was performed on aggregates, the suggested mechanism occurs on the level of a trimer. It was found that under qE conditions the S 1 state of Lut 1 (nomenclature as in [37] ) is populated by direct energy transfer from the terminal emitter Chls, after which the S 1 state decays non-radiatively by rapid internal conversion [36] .
Alternatively, a few groups have advocated a prominent role of the minor antenna complexes in qE after indications had been found that Zea-Chl or Lut-Chl CT states in some of these complexes accompanied energy dissipation [20, [38] [39] [40] .
By investigating single, isolated LHCII trimers it was demonstrated that these complexes frequently adopt states associated with considerable non-radiative energy dissipation when illuminated continuously [29, [41] [42] [43] . Although the rapid and reversible fluorescence intensity changes (a phenomenon generally known as fluorescence intermittency or fluorescence blinking) are common for virtually all fluorescing systems, they retain various unique features for LHCII [44] . One such element is that quenched states are significantly enhanced when the experimental environment mimics conditions related to qE in vivo [45] , a behaviour found to be specific for LHCII trimers [46] . It was considered that the combined fluorescence signal of millions or billions of simultaneously excited complexes in an in vivo or in vitro environment can be averaged into a single intensity level. Environmentally induced changes in this intensity reflect the extent of qE and can be compared with the time-and population-averaged intensity of numerous SM time traces. As such it was proposed that a major component of qE occurs in LHCII trimers and shares the same primary molecular mechanism with fluorescence blinking for these complexes. The correlation between qE and fluorescence blinking for LHCII trimers is supported by a quantitative simulation of their experimental blinking behaviour [47, 48] . This conceptual model is based on the dynamic selforganisation of the intrinsic LHCII structure and describes the protein conformational diffusion in the vicinity of the lowest exciton state. The dynamics in this region -the Lut 1 domain -were consequently associated with the qE mechanism proposed in Ref. [36] . These findings indicate that the local environment of an LHCII complex can regulate its protein conformational disorder, considering that this disorder is manifested by the intermittent intensity dynamics.
SM studies have indicated the intrinsic capability of LHCII to switch its fluorescence abruptly not only in intensity but also in energy [29, 43] . The rich variety of fluorescence profiles showed various distinct characteristics as compared to those from other photosynthetic complexes [49] [50] [51] [52] [53] [54] . The most common changes were spectral diffusion of the peak position within~3 nm of the equilibrium 682-nm peak, which was explained by energetic disorder of the pigment site energies [29] . However, a rather small percentage of complexes (b5%) were shown to switch reversibly to states characterised by an emission maximum between~690 nm and~750 nm appearing in addition to the energetically stable 682-nm band. The switches to these near-infrared states were found to be rather insensitive to the local environment of the complexes and to involve, on average, no evident intensity change -also when employing conditions mimicking qE [45] . Emission at even longer wavelengths -peaking between approximately 760 nm and 795 nmwas occasionally observed [45] . These far-red states were characterised by broad, single bands and weak emission, and were shown to occur more frequently under conditions that mimicked qE [45] . In this work, the two types of red emission states will be referred to as "moderately red" and "far-red" states.
Based on the above-mentioned SM findings, it was suggested that the moderately red states of LHCII trimers are not involved with the mechanism(s) underlying qE. Similar conclusions were drawn from low-temperature in vitro bulk studies on LHCII aggregates and purified liposome-embedded trimers, based on the significantly longer fluorescence lifetimes of F700 compared to that of F680 [25, 26, 55] . Despite these observations, the states associated with F700 have frequently been considered to act as the major energy traps of qE [14, 16, [19] [20] [21] [22] , or were suggested to be an intermediate in the quenching process [56] or in the locus of the main qE site [27] .
The main purpose of the current study is to look into these discrepant views from an SM perspective: the possible involvement of the lowenergy emission states with thermal energy dissipation is examined by investigating the SM fluorescence intensity dynamics of these states for single, isolated LHCII complexes exposed to different environmental conditions. Considering that the time spent in red states comprises a relatively small fraction, the data sets used in this study were significantly larger than in previous SM studies [29, 31, 45] in order to decrease statistical uncertainties. The findings indicate that the moderately red states are visited more frequently when the complexes are exposed to qE-related conditions and that most emission appears around 700 nm, but is unrelated to energy dissipation.
Materials and methods

Sample preparation
Isolation and preparation of the samples were the same as reported in a previous study [45] . In short, Vio-enriched LHCII trimers were isolated by iso-electric focusing from PS II particles obtained from darkadapted spinach leaves [57] , while Zea-enriched trimers were obtained from thylakoids pre-treated with 40 mM ascorbate at pH 5.5 [57] . The two samples contained~0.4-0.7 Vio and~0.6 Zea per monomer, respectively (see Table 1 ). The light-harvesting environment was mimicked by solubilising the complexes in 20 mM Hepes at pH 8.0, which also contained 0.03% (w/v) β-dodecyl-maltoside (β-DM) and 1 mM MgCl 2 .
In all experiments, complexes were first allowed to attach to the substrate within this buffer solution, after which the sample cell was flushed with the experimental solution. The experimental (flushing) solution was the same as the light-harvesting solution, except for two variables: a pH of either 8 or 5.5 was used and a detergent concentration of either 0.03% (w/v) or considerably lower. Sodium citrate (15 mM) was added to the flushing solution when using a pH of 5.5, and a detergent-free flushing solution was used to expose complexes to a low detergent concentration. Immobilisation of the complexes prior to flushing with the experimental solution prevented protein aggregation. Standard microscope slides were coated with poly-L-lysine (Sigma) to facilitate surface immobilisation. The flushing buffer contained no detectable traces of oxygen, which was brought about by thorough gassing of N 2 and using a glucose oxidase catalase scavenging system (200 μg/mL glucose oxidase, 7.5 mg/mL glucose, and 35 μg/mL catalase). All measurements were performed at 5°C in a hermetically sealed cell.
Single-molecule spectroscopy
The same experimental setup was used as before [45] . Briefly, the excitation source was a 633-nm continuous-wave He-Ne laser (JDS Uniphase). Complexes were excited individually in the centre of a neardiffraction-limited, near-circularly polarised focal volume with a peak intensity of~250 W/cm 2 . Fluorescence spectra were acquired by dispersing the photons onto a liquid-nitrogen cooled CCD camera (Princeton Instruments, Roper Scientific, Spec10: 100BR). This constituted the only detection channel for most experiments. A second detection channel was employed simultaneously for one set of measurements, using a 50/50 beamsplitter to direct half the light onto an avalanche photodiode (SPCM-AQR-16, Perkin-Elmer Optoelectronics) for acquiring wavelength-integrated fluorescence counts.
Data analysis
Fluorescence counts were collected continuously for 60 s and integrated into consecutive time bins of 10 ms and 1 s for intensity and spectral acquisition, respectively, unless specified differently. Data screening was performed as described in [42] . A good data batch was defined as one showing limited irreversible spectral blueing, and for which the complexes in the light-harvesting mimicking environment showed relatively long survival times and relatively stable emission intensities (see [29] ). A number of 500-1000 complexes were generally contained in each data set, where typically 5-7 data sets were used for LH-and qE-mimicking conditions and typically 2-3 data sets when one environmental parameter was changed. Error bars reflect standard deviations as the result of differences between data sets, unless where specified otherwise. Single-band spectra were fitted with a skewed Gaussian function [58] , while simultaneously fitting the vibrational band with a normal Gaussian. Double-band spectra were fitted using a double skewed Gaussian function in addition to a normal Gaussian fit of the vibrational band. Fitting of the double-band spectra was facilitated by constraining the skewness and full width at half maximum of the blue bands to match those of single-band spectra within the same spectral sequence. Fitting algorithms were based on the LevenbergMarquardt algorithm in a least-mean-squares optimisation. All calculations were implemented in MATLAB (The MathWorks).
The amount or strength of fluorescence quenching was defined in the conventional way: k d = I U / I Q − 1, where I U and I Q refer to the fluorescence intensity of a large ensemble of complexes in the unquenched and quenched environments, respectively. This parameter relates to the actual extent of fluorescence quenching %Q = 1 − I Q / I U through k d = %Q / (1 − %Q). Here, the conditions under which light harvesting was mimicked were considered to be the unquenched environment, while qErelated environmental changes represented quenched environments.
Results
In this work we examined the properties of the low-energy states of LHCII trimers exposed to different environmental conditions. We were mostly interested in the effects incurred by conditions that are generally associated with qE in vivo. To accomplish this, an environment that ensures effective harvesting of light in vivo was first mimicked by using Vio-enriched complexes at pH 8.0 and a concentration of 0.03% β-DM. Two qE-related conditions were then investigated, namely an acidic environment (pH 5.5) and a low detergent concentration. In addition, Zea-enriched complexes were used when considering both qE-related conditions simultaneously, thus mimicking the qE state in a SM environment. This will be referred to as the SM qE state. The effect of violaxanthin de-epoxidation, though, was not examined explicitly, Table 1 Pigment composition of isolated LHCII after sucrose gradient ultracentrifugation. because previous SM studies have shown a small or negligible effect of de-epoxidation [45, 46] , which was attributed to the detachment of these xanthophylls in a highly diluted environment. Fig. 1 displays four types of quasi-stable emission spectra of LHCII trimers that have been identified in previous SM studies [29, 45] . The most common emission resembles that of the ensemble F680 emission, i.e., peaking at around 682 nm (blue). It is important to note that spectra that are blue-shifted by more than~5 nm originate from denaturated or degraded complexes [29] and are not considered here. The states characterised by significantly red-shifted emission were visited reversibly. Of these, the double-band states (red) are most prevalent and showed no environmental sensitivity in an earlier study [45] , while the occurrence of emission around 780 nm (far-red, black) was found to be strongly affected by environmental conditions [45] . The most infrequently occurring red-shifted states are characterised by single-band spectra with emission below 760 nm (green) and with properties that resemble those of the red bands of double-band spectra, i.e., narrower and more intense than the far-red spectra. This spectral type will therefore be considered together with the red parts of the double-band spectra. Fig. 2 shows that, on average, the utilised qE-related conditions caused a larger number of complexes to switch into red emission states. The same excitation intensity was used in all experiments, indicating that the observed trend was induced by environmental changes. The effect was particularly large for the far-red states, with as many as 20% of the complexes from a particular sample batch found to exhibit farred emission within the experimental time in the SM qE environment (though the average value suggests such high values to be rather exceptional). The considerable variation in this number between different data sets is reflected by the sizable error bars and points to the large sensitivity of the far-red states to their local microenvironment. Since these percentages strongly depend on the experimental time frame (a longer time of irradiation increases the probability for a complex to access a low-energy state), a more realistic comparison can be made by considering the relative time spent in a red emission state (Fig. 2 , magenta circles). This property displayed a similar trend: as more qE-related conditions were added, the average dwell time in low-energy states increased. Comparing the fraction of complexes with the fraction of time in low-energy states it can be deduced that far-red states were on average visited for shorter times than moderately red states, denoting a larger dynamicity of the protein conformations connected to the former.
Fraction of red emitting complexes
Intensity and energy distributions of red states
In order to determine the possible connection between red emission and energy dissipation, we first examined how the average intensity of the different emission bands was affected by the experimental environment. This is shown in Fig. 3A for conditions mimicking the lightharvesting (LH) and qE environments. We distinguished between six types of emission: single-band spectra of complexes exhibiting only emission at around 682 nm (ss), four emission types of complexes exhibiting double-band spectra within the experimental time, and farred emission. Spectral sequences containing double-band spectra were divided between spectra before and/or after a red state was visited -i.e., single-band spectra peaking at around 682 nm (ds) -and doubleband spectra (dd). The blue and red bands of a double-band spectrum are denoted by db and dr, respectively, and their intensities were calculated from skewed Gaussian fits (see the Materials and methods section).
In both environments, complexes exhibiting only single-band (~682 nm) emission within the experimental time frame were on average~15% more fluorescent than those exhibiting also double-band spectra (i.e., ss compared to ds and dd). This suggests that the latter complexes were in a slightly quenched conformation during the time and before a low-energy state was assumed. Note, however, that the switch into a double-band state was accompanied by a negligible intensity change (ds vs. dd), as reported before [45] . Moreover, the comparable intensities of the two bands of double-band states (db vs. dr) indicate that the two associated emission sites were equally populated.
Considering the environmental dependence of the emission, all bands became on average weaker when the LH environment was replaced with a SM qE environment, except the far-red band. Of most interest here was the ratio between the average intensities of the red bands and F680 bands (i.e., Ī dr :Ī ss and Ī far-red :Ī ss ) in the different experimental environments, because these intensity ratios are another important factor in determining the relative contribution of red emission in ensemble spectra (the first factor being the relative time spent in red states). In addition, the intensity ratios may also provide information about a possible relationship between the quenching mechanisms underlying the different types of emission. Fig. 3B shows that as more qE-related conditions were added, both Ī dr :Ī ss and Ī far-red :Ī ss remained constant within the experimental error, while a small increasing trend could also describe the behaviour of the latter. This can be explained by the moderately red emission states being weaker energy traps than the far-red states and qE-associated dissipative F680 states. In other words, the trapping efficiency of the qE-related dissipative states is virtually independent of the sites responsible for F680 and moderately red emission, which is probably the result of many excitonic states being delocalised across a large part of the trimer during energy equilibration [59] . Furthermore, the far-red states, being energy dissipative, would compete with the qE-associated energy traps.
The red emission states were investigated in more detail by resolving their associated peak wavelengths and examining environmentally induced spectral changes. Due to the relatively small changes that are at play, the properties are shown only for the LH and full SM qE environments. Fig. 4 displays the peak wavelength distribution of all the resolved low-energy bands and their corresponding intensity. Evidently, upon replacing the environment, the abundance of far-red states increased considerably. The intensity and energy of the moderately red states occurring in dr-spectra varied across a large scale, and occurrences of emission were found peaking up to~770 nm, which is further into the infrared than the red-most emission observed in previous studies [29, 45] . Two other observations are of interest: (i) by far the most emission occurred at 700 ± 10 nm; and (ii) in the SM qE environment, the average intensity seems to decrease with λ m . Both effects are explored in Fig. 5 in more detail. Fig. 5A confirms that for dr-spectra the majority of low-energy bands peaked at around 700 nm. The distribution around 700 nm became somewhat narrower in the SM qE environment, thus contributing to more pronounced emission at 700 nm. Fig. 5B indicates some specific trends in the average intensity as function of the peak emission: first increasing and then decreasing at longer wavelengths. This behaviour is particularly clear for the SM qE environment, reaching a maximum intensity for an emission peak of~710 nm. Assuming a distinct emission site for F680 and the red emission, the maximum intensities of the red states per emission site are comparable to or, in the case of the LH environment, even exceeding that of F680. Notably, for the SM qE environment, the intensity of emission beyond~720 nm showed a larger environmental sensitivity than emission at shorter wavelengths, suggesting the presence of two distinct processes contributing to the moderately red emission. . Black dots refer to the red bands of double-band spectra (dr), and red dots to far-red spectra. Note that the intensity of the black dots is on average only half the total emission of the double bands (dd). Fig. 6 provides more information on the relationship between the red emission and fluorescence blinking. Blinking was observed for all types of moderately red states, a representative behaviour of which is shown in Fig. 6A . The intensity fluctuations generally corresponded to negligible shifts in the emission peak position within the experimental error (Fig. 6B) , pointing to distinct processes underlying the intensity and energy switches. Fig. 6C indicates that the average dwell time in quenched states (τ Q ) exhibited the same environmental dependence for the average F680 and average moderately red emission. Taking into account that F700 was the dominant red emission state (Figs. 4 and 5A) , it can be deduced from Fig. 3B that the environmentally induced change in the intrinsic brightness was, on average, the same for both F680 and F700 emission states. Hence, blinking affected the emission properties of these two states to a similar degree. However, for moderately red states τ Q showed a strong wavelength dependence (Fig. 6D) , suggesting some involvement of the longer-wavelength states with the mechanism underlying blinking.
Red emission vs. fluorescence blinking
3.4. Average SM fluorescence spectra Fig. 7 shows that the average dwell time in moderately red states exhibited a linear relationship with the extent of environmentally induced quenching. Considering that values of k d as large as 10 to 20 are often found in literature for in vitro ensemble experiments, the amount of quenching exhibited in the SM qE environment is a large underestimation and very likely also the dwell time in red states. Since the intensity ratio between F680 and F700 was essentially independent of the environment in this study (Figs. 3 and 6C) , it is reasonable to extrapolate the linear trend to larger values of k d . According to this prediction, complexes would spend on average between~30% and~60% of their time in double-band states for k d varying between 10 and 20, so that the contribution of red emission would be between ca. 15% and 30% of the total emission.
Averaging over all the SM spectra in the LH and SM qE environments, the respective ensemble spectra are displayed in Fig. 8A , together with the spectra that we predict on the basis of our analysis for significantly larger values of k d . The contribution of red emission becomes particularly prominent for larger k d values. The ensemble average of all experimental red spectra is shown in Fig. 8B for three Peak wavelength distribution of moderately red spectra originating from LHCII trimers exposed to the LH (black) and SM qE (green) conditions. Bins of 5 nm were used and distributions were normalised to the same number of events. Dashed curves denote Gaussian fits of data in the region 700 ± 15 nm. Peak position of both fits was at 699 nm, while full width at half maximum was 14 nm and 10 nm for LH and SM qE conditions, respectively. (B) Average intensity as function of the peak wavelength (λ m ) of moderately red spectra for LH (black) and SM qE (green) conditions. Bins of 10 nm were used. Stars denote half the emission intensity of the F680 state. environmental conditions. In agreement with Fig. 5A , the predominant emission peaked around 700 nm and became more pronounced when the complexes were exposed to a larger number of qE-related conditions. A long red tail extends between~720 nm and up to 800 nm, including the contribution of the large number of weakly emitting, far-red states.
Discussion
Contribution of red emission states to energy dissipation
The equilibrium shifts to moderately red and far-red states in qE-related environments indicate that when LHCII complexes were exposed to these conditions, their protein energy landscapes allowed the red states to be accessed with a higher probability. However, this does not necessarily imply that the red states are directly related to the mechanism(s) underlying qE. The results rather suggest that most of the moderately red states are decoupled from thermal energy dissipative states. The relationship between all the types of red states and non-radiative energy dissipation will be discussed here.
First, the observation that all far-red states are weakly emitting indicates that these states decay mostly non-radiatively, thereby quenching a significant fraction of the excitation energy. In addition, qE-related conditions substantially increased the probability of accessing these states, which suggests that the associated energy dissipation pathways may be important avenues to quench excess excitation energy under qE conditions. Second, the moderately red states showed on average only a weak relationship with energy dissipation. In particular, the largest fraction of states corresponded to emission at 700 ± 10 nm (i.e., F700) and had the same average intensity as the main F680 band, independent of the utilised environments. However, moderately red emission beyond~720 nm got quenched under SM qE conditions, suggesting a stronger involvement of these states in thermal energy dissipation than the F700 states. Furthermore, the increasing dwell time in moderately red states upon introducing qE-related conditions was significantly smaller than the decrease in the average fluorescence intensity, the latter of which is determined primarily by a shift of the intensity distribution towards quenched states. This suggests that the mechanism underlying fluorescence quenching has a significantly stronger environmental sensitivity than that underlying the appearance of F700 emission.
Several observations point to a disconnection between F700 emission and fluorescence blinking: (i) blinking of red states without accompanying spectral changes (Fig. 6A, B) ; (ii) the smaller environmentally induced shift into red states than into quenched states (Fig. 2A) ; (iii) the environmental insensitivity of the intensity ratio of F680 and red states (Fig. 3B) , involving both the intrinsic brightness and the average time spent in quenched states (Fig. 6C) ; and (iv) the disjunction between the switches into moderately red states and quenched states (see, e.g., the comparable intensities of ds and dd in Fig. 3A ).
Relating the red states to those from previous bulk studies
In order to determine the physiological relevance of our findings, the observed properties of LHCII trimers in the utilised SM environments are considered in the context of previous ensemble studies of LHCII. In particular, the average behaviour of thousands of individually measured complexes is compared with the spectroscopic responses of LHCII as revealed by previous in vitro and in vivo studies.
It should first be noted that the utilised experimental conditions mimicked the physiological environment to a reasonable extent. Under conditions mimicking the in vivo light-harvesting state of LHCII trimers, the fluorescence intensity of the unquenched state corresponds remarkably well to the predicted value [29] , the ensemble-averaged room-temperature fluorescence spectrum perfectly matches the steady-state ensemble spectrum [29] , and the fluorescence lifetime of single, surface-bound LHCII trimers is identical to that of freely diffusing, solubilised trimers in ensemble experiments (J.M. Gruber, personal communication), all of which point to a weak influence of surface binding or other SM-specific parameters. Similarly, the cumulative effect of low detergent, low pH and increased de-epoxidation mimicked qE conditions in vivo. Although in vivo a pH gradient is present over the membrane, several early studies on the mechanism of qE have clearly demonstrated that by lowering the pH in the incubation medium it is possible to obtain qE quenching (see, e.g., [60, 61] ). It was found that the same process could be induced in isolated LHCII complexes and is controlled by the xanthophyll cycle [8] . Furthermore, considerable fluorescence quenching was observed from LHCII trimers in a gel matrix with a low detergent content, an arrangement in which neighbouring trimers were well-separated [23, 24] . In the latter study the quenched state was related to qE, based on the finding that the accompanying spectroscopic changes corresponded well to those found in chloroplasts and leaves after qE induction. In a low detergent environment, the proteins will likely be slightly compressed due to their hydrophobic surfaces being repelled by water molecules. For LHCII trimers it was demonstrated that even slight compression induces significant thermal energy dissipation [62] .
Three groups of low-energy states, each of which is characterised by a different environmental response, are separated in this study, viz., moderately red states peaking near 700 nm, moderately red states peaking beyond~710 nm, and far-red states (peaking beyond~760 nm). For all three types of red states, emission states with similar properties were also observed in previous in vitro ensemble studies, which strongly suggests that the observed spectral dynamics are not SM-specific phenomena (i.e., induced solely by the SM environment) but are very likely the same changes that occur during qE.
690-710 nm emission
Although the moderately red states covered a broad energy range, with associated peaks between~690 nm and up to~770 nm, the average spectrum consisted of a single, broad band with a maximum at~700 nm. Taking into account that the latter band was enhanced in a qEmimicking environment, it may seem reasonable to associate it with the F700 emission band characteristic of aggregated LHCII at 77 K [15] [16] [17] [18] 26] . Such an association, however, should take into account the temperature dependence of the red emission from aggregates as well as the spectroscopic signature of non-interacting (i.e., wellseparated) trimers. First, 700 nm is the characteristic peak position of LHCII aggregates at 77 K, but the peak shifts to beyond 705 nm above 180 K [15, 17] . Second, no red emission has as yet been reported for isolated trimers from wild-type plants studied at room temperature using an ensemble approach.
These two considerations can be explained by the above-mentioned aggregates having extensive energy transfer and totally equilibrated pigment pools at higher temperatures [17] . Therefore, at some temperature, the distribution of emitting states in the aggregates will be at a lower energy than the distribution of low-energy states in LHCII trimers. In contrast, LHCII trimers were observed in the same study to exhibit red emission with a peak position that remained essentially constant in the temperature range between 4 K and 180 K [17] . The red emission was too weak to be observed at higher temperatures. The stable fluorescence peak position rules out the possibility of aggregate formation to explain the trimers' low-energy emission. This is confirmed by a more recent study, where it was shown that controlled quenching of LHCII trimers incorporated into a gel matrix, an arrangement that prevented aggregation, gave rise to weak emission near 700 nm at 77 K [23] . It is therefore very likely that LHCII trimers exhibit a 700-nm emission band also at room temperature, but with intensity too weak to be resolved by the utilised ensemble approaches. This wavelength corresponds perfectly with the dominant 700-nm red emission in the present study (which was conducted near room temperature), and its tiny contribution to the ensemble spectrum can be explained feasibly by the small fraction of time spent in low-energy states (see Fig. 2 ). This confirms that the qE-related F700 bulk emission is associated with an intrinsic state of a single trimeric complex and not the result of inter-trimer interactions [23] . The formation of protein aggregates will consequently stabilise this pre-existing state by increasing the average dwell time which a complex spends in a red state, a concept that is in line with a widely accepted model of protein functionality [63] .
The different components into which the F700 band of LHCII aggregrates has been deconvoluted in bulk in vitro studies -at least five components [17, 26] -can be explained by different realisations of large static disorder of mixed exciton-CT states. Indeed, due to the strong coupling between such mixed states and protein vibrational states (i.e., phonons), their energetic disorder is largely determined by conformational disorder of the highly charged local protein environment. In addition, due to the charged character of CT states, the red states are expected to have a considerably higher tendency to fluctuate energetically than pure excitonic states. The latter property has been illustrated by SM experimental and modelling studies [29, 31] , sitedirected mutagenesis [64] , and theoretical studies [65, 66] .
710-760 nm emission
A number of room-temperature ensemble studies indicated the presence of emission states with lower energy than the prominent F700 state. For example, time-resolved fluorescence studies of wild-type and mutant Arabidopsis leaves after NPQ induction revealed additional emission bands with peak wavelengths extending up to 740 nm, giving rise to an ensemble spectrum with a broad tail between 710 nm and 760 nm [14, 20] . In addition, using a homebuilt multiwavelength fluorometer to spectrally resolve the NPQ induction kinetics of Arabidopsis leaves, a 720-nm emission band was resolved at room temperature [67] . It was suggested that these bands are the hypsochromically shifted F700 lowtemperature band of aggregates [14, 67] , although it can be inferred from an early temperature-dependence study on LHCII aggregates that above 180 K the peak of the low-energy band does not extend far beyond 710 nm [17] . A more reasonable interpretation is based on a steadystate study on spinach and Arabidopsis leaves [13] , where it was shown that~740-nm emission does not reflect a new, physical state but result from reabsorption of scattered fluorescence, which causes a strong enhancement of the vibronic band in the 710-760 nm window. However, a clear emission band near 740 nm was observed from the poikilohydric lichens Parmelia and Physciella, assigned to PS II, and shown to be weak for samples in the hydrated state but considerably enhanced in the desiccated state [68] [69] [70] . Although no direct connection between the desiccation-related signals and the plant NPQ-related signals has as yet been found, it is likely that 720-740 nm emission states are similarly intrinsic to plant PS II at physiological temperatures, although with a low probability of access. Indeed, a recent 77 K Stark fluorescence spectroscopy study on LHCII aggregates has provided evidence for the presence of two distinct low-energy qE-related states, with associated emission bands peaking at 696 nm and 713-715 nm, respectively [27] . The latter finding supports the observation in the present study that~700-nm emission states showed a different response to qErelated environmental conditions than states with longer wavelengths. In the Stark fluorescence study, the 696-nm band was found to be accompanied by small contributions peaking at 714 nm and 755 nm, thereby clearly confirming the presence of distinct emission states beyond 710 nm [27] .
We propose that a significant fraction of the emission beyond 710 nm observed in the above-mentioned ensemble studies originates from the same site within LHCII as the red states between 710 nm and 760 nm of the present study. The energy of the associated exciton-CT hybrid state is expected to vary significantly due to conformationally induced disorder, giving rise to quasi-stable sub-populations under certain environmental conditions. In particular, under light-harvesting conditions these states have a very small probability to be accessed, but small protein structural distortions due to desiccation, mutation, aggregation, or the onset of qE may enhance some of the sub-populations. This would, for example, explain the varying amplitudes of the extensively red-shifted room-temperature decay-associated spectra of aggregated LHCII trimers isolated from Arabidopsis mutants with different Vio and Zea contents [14] .
N760 nm emission
In a former SM study [45] it was proposed that the far-red emission might be related to the above-mentioned 713-715 nm Stark fluorescence band. However, the current study suggests that this Stark band is rather related to the 710-760 nm spectra, while the far-red emission denotes a distinct spectral state with different associated energy dissipation properties. This idea is supported by a very recent line-narrowing study at 8 K, where it was found that far-red emission states with very similar spectral properties occur in the PS II core complexes of plants (spinach) and cyanobacteria (Thermosynechococcus vulcanus) [71] . The peaks of the far-red states were resolved to be between 770 nm and 790 nm, the emission was weak, and the spectra were extensively broadened. This finding provides strong support for the idea that the far-red emission from LHCII trimers observed in SM studies is not related to artefacts. We propose that the~780-nm state is intrinsic to all PS II pigmentprotein complexes.
Likely sites of the red emission
It was shown above that the F700 emission states show no relationship with fluorescence blinking. A complete disconnection of the underlying processes most readily occurs when they originate from different sites in the complex and by means of different molecular mechanisms. Former SM experimental and computational studies provided different lines of evidence to relate the primary mechanisms underlying qE and fluorescence blinking for isolated LHCII trimers, where it was assumed that the major component of qE occurs in these complexes [45] [46] [47] [48] . In this work we similarly adopt the view that qE conditions considerably increase the probability of energy transfer from the terminal emitter Chls to the S 1 state of Lut 1 [36] . We have, furthermore, provided motivations for relating the F700 emission in this study to the characteristic red emission that occurs under qE conditions. It thus follows that the site of the characteristic qE-related F700 emission is not in the locus of Lut 1, in contrast to previous claims based on bulk in vitro studies [14, 27, 67, 72] . Comparison with the SM spectral dynamics of Lhca complexes provides strong evidence that most of LHCII's moderately red emission originates from the Lut 2 domain: the characteristic emission of Lhca complexes strongly resembles LHCII's moderately red states in various respects, exhibiting a double-band spectrum, with the redder peak occurring typically between~690 nm and~730 nm and which can diffuse energetically and be switched off reversibly [31] . There is substantial evidence that the red emission originates from a mixed exciton-CT state of the Chl dimer 603-609 in the Lut 2 site [32, 33, 73, 74] . Considering the spectral similarity and the strong structural and compositional homology between LHCII and the Lhca complexes, it is very likely that most of the F700 emission of LHCII (peaking between~690 and 710 nm) originates from the Chl dimer a603-b609 in the Lut 2 site. In contrast to the F700 emission states, the states associated with peaks between 710 nm and 760 nm showed some correlation with energy dissipation, in agreement with the above-mentioned Stark fluorescence study where the 713-715 nm band was observed to be weaker than the 696 nm band and thus more strongly connected to energy dissipation [27] . We therefore propose that the 710-760 nm emission is related to fluorescence blinking and thus to the primary mechanism of qE, which we assume to be located in the Lut 1 site. The similarity between the spectral shapes of all moderately red spectra suggests a similar origin, i.e., a mixed exciton-CT state formed among two or more Chls. In the Lut 1 site this would involve the strongly coupled Chl a610-a611-a612 cluster.
The environmentally induced shifts to far-red states and blinkingrelated quenched states were qualitatively similar, strongly suggesting some relationship between the underlying processes. However, the intensity of the far-red states showed a different response to environmental changes than the F680 emission intensity, indicating different underlying energy-dissipation mechanisms. Since fluorescence blinking is accompanied by minor or no spectral shifts, only relatively small conformational changes are likely involved with this phenomenon [45] . This agrees with the observation from several bulk in vitro studies that access to the qE state involves only subtle conformational changes [24, 75, 76] . We therefore propose that the relationship between farred emission and fluorescence quenching points to their underlying mechanisms operating in the same locus, both involving Lut 1. More specifically, if the S 1 state of Lut 1 forms a CT state and mixes with one or more of the lowest Chl exciton states, significantly red-shifted spectra will be observed. Access to such a mixed state will particularly be promoted when the Lut S 1 state couples more strongly to the Q y state of one or more of its neighbouring Chls. Such coupling was found to be strongly correlated with the extent of qE [34, 77] . In addition, the nonradiative character of the Lut S 1 state is expected to reduce the emission when this state forms an exciton-CT hybrid state with Chl. This would explain the comparatively small intensity of the far-red states compared to that of moderately red states, considering the latter to originate from exciton-CT hybrid states among Chls. Furthermore, for two molecules with disparate transition energies the low-energy states are expected to have a larger CT component, resulting in an exciton-CT state with a lower energy. Involvement of a CT state would also explain the strong environmental sensitivity of the far-red states, which was found to vary significantly between different experiments using the same batch of sample.
Support from literature for decoupling the moderately red states and quenched states
Disentangling the site of the dominant low-energy emission states (F700) from the site of the primary energy dissipative states is not only supported by this study but also can explain a number of findings from previous in vitro bulk studies.
(i) In a very recent steady-state fluorescence study, a particular point mutation of the LHCII protein (replacing glutamate 94 with glycine) resulted in the complex's quenched state having no associated red-shifted emission under qE-related conditions [78] . Although the quenching capability was somewhat reduced by the mutation, the results demonstrate that considerable energy dissipation can occur in LHCII without any characteristic low-energy emission. (ii) High levels of quenching were induced for LHCII trimers immobilised in a solid-state gel, though the extents of the accompanying red shifts were rather small, leading to ensemble peak positions between 680 and 690 nm [23] . This finding is in contrast to the characteristic strong emission band at 700 nm observed from aggregates and suggests a rather weak correlation between energy dissipation and low-energy states. (iii) Related to the previous finding are the observations from several studies that the major LHCII and minor antenna complexes exhibited different relationships between the extent of quenching and the extent of the accompanying red shift [55, [79] [80] [81] [82] . (iv) Based on early time-resolved studies of LHCII aggregates at 80 K it was proposed that none of the resolved redshifted states is directly involved in the quenching mechanism [25, 26] . The decay-associated spectra resolved in the latter studies indicated that the different transient species decayed into one another, where consecutive components had an increasingly longer wavelength and a corresponding increasingly longer lifetime. A similar behaviour was found for LHCII trimers incorporated into liposomes [55] .
Disconnecting the sites responsible for low-energy emission and non-radiative energy dissipation does not oppose the bulk in vitro observations that upon quenching, some red emission does generally occur. This can be explained by considering the conformational change that accompanies the switch into a quenched state to not be localised in the Lut 1 locus but to affect the conformational landscape in the Lut 2 domain such that a red emission state can be accessed with a higher probability. This is illustrated conceptually in Fig. 9 , showing that the qE-related conformational change lowers the free-energy barrier between the conformational substates associated with F680 and F700 emission. The reduced free energy of the F700 conformation reflects stabilisation of this state under qE conditions. It is of note that the high packing density of the LHCII protein [11] would not likely allow conformational changes to be localised but instead to affect a significant part of the protein structure. This would explain the configurational twist of Neo in LHCII under qE conditions, indicative of a protein conformational change, though the molecular change itself is likely not part of the qE mechanism [24, 36] . It was demonstrated for a structurally homologous protein (Lhca4 in PS I) that a small structural change as the result of a point mutation has a very large effect on the spectroscopic properties of its pigments, in particular when a mixed exciton-CT state is involved [64] .
The role of environmentally controlled conformational disorder
The disconnected intensity and energy fluctuations signify that several processes can act at the same time at different sites upon a single LHCII complex. Our findings indicate that the F700 state and quenched F680 state correspond to distinct conformations and that qE conditions shift the population equilibrium into both states simultaneously, as illustrated in Fig. 10 . As indicated, the F680 state preceding a moderately red state is slightly quenched, and the F700 state also frequently switches into a quenched state. Switching between the four emission states in Fig. 10 points to intrinsic protein conformational disorder, while the population equilibrium, which is controlled by the complex's local environment, determines in which state the complex is on average. As such, conformational disorder is environmentally controlled to regulate the functionality of the complexes, in particular the extent of energy dissipation. This concept affirms the hypothesis for qE proposed more than 20 years ago [83] and refined later [84, 85] .
The simultaneous population shift to quenched states and the F700 state under qE conditions leads to a quite remarkable conclusion: that qE makes LHCII look spectrally more like Lhca. Indeed, it was proposed that Lhca and Lhcb complexes can be approximated by a single generic protein structure, such that the F680 and F700 states are intrinsic to the disordered energy landscape of this protein [31] . By controlling the disorder of the protein microenvironment in the Lut 2 site, the population distribution between the two states can be controlled, associating Lhca to a stable F700 conformation and Lhcb to a stable F680 conformation. Fig. 9 . Scheme of simplified protein energy landscape, illustrating how qE conditions may change the landscape to increase both the rate of accessing an F700 state and the average dwell time in such a state. Dashed curves denote part of landscape after qE induction. The two large local minima correspond to the conformation related to~680-nm and~700-nm emission, respectively. Fig. 10 . Model illustrating the two main qE-induced population shifts (two thickest arrows in blue and red) and the likely sites of primary thermal energy dissipation and~700-nm emission. The monomeric structure and nomenclature of Ref. [37] were used and the qE-mechanism of Ref. [36] is assumed. LH denotes the light-harvesting state, characterised by~680-nm emission and assumes a different average intensity for the two main switches. The arrow thickness gives a qualitative indication of the frequency of occurrence of a particular conformational change.
Summary
We have illustrated the value of using SM approaches to study a complex phenomenon like qE. SM spectroscopy adds considerable dynamical information, elucidating protein dynamics, revealing new emission states, and illustrating the important role of protein conformational disorder.
The different spectral states of LHCII can be categorised into four groups, with peak emission at approximately 680-685 nm, 690-710 nm, 710-760 nm, and N760 nm, respectively, based on their responses to qE-related environmental changes. We propose that each of these spectral groups, with the exception of F700 (i.e., spectra with peaks at 690-710 nm), is closely associated with a distinct qE mechanism, and that environmentally controlled disorder determines the relative contributions of the different emissive states. Within each of the three groups of red-shifted states, the emission wavelength can fluctuate considerably because of ample (though small-scale) conformational disorder of the local protein environments. Energetically invariant blinking (associated with 680-685 nm fluorescence) was shown to contribute to the largest amount of energy dissipation, followed by far-red states (with N760 nm emission maximum) under qErelated conditions, and only weak quenching associated with the 710-760 nm moderately red states.
The results clearly show that F700 is the most abundant moderately red state under the utilised conditions but not involved with energy dissipation, despite the observation that it is accessed more frequently under conditions mimicking qE. Disentangling F700 from the dominant qE state, and thus separating the respective sites of origin, can explain numerous findings from previous in vitro bulk studies. The characteristic appearance of a F700 band under quenching conditions in bulk in vitro and in vivo experiments without the associated states being involved with the dominant qE mechanism was explained by the conformational switch into the energy-dissipating state increasing the probability of conformational switching into a low-energy state. Therefore, changes in the Lut 1 domain -the proposed major site of thermal energy dissipation -are such that quenching may occur via a mixture of physical processes dependent perhaps on the very small difference in the perturbation of the Chl and Lut molecules.
